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This paper presents data observed for the pressure-volume-temperature (P-V-T) 
behavior of carbon tetrafluoride (CF,) below room temperature, and uses these data 
in  conjunction with higher temperature data from the literature to evaluate an equa- 
t ion of stote. The P-V-T measurements were made via a variable-volume technique 
without using a confining liquid. The variable-volume design makes it possible to 
cover a range of specific volumes with a single charge, resulting in  an eff icient 
operating procedure. 
The 
bellows contained the compound under study (CF,) and was surrounded by a hy- 
draulic l iquid whose pressure could be varied cousing the bellows to expand or con- 
tract. The volume of the bellows was determined by measuring the volume of the 
hydraulic liquid. Calibrations were made using a gas (CO,) of known thermodynamic 
properties. Pressure measurements were made via a differential pressure transducer 
on three Heise gauges calibrated in  place against a Ruska dead-weight tester. The 
bellows ce l l  was maintained in a well-agitated bath whose temperature was measured 
by a platinum resistance thermometer. 
The data were taken by charging a known amount of the compound into the bellows 
and observing the pressure-volume relationship a t  a f ixed bath temperature. At the 
end o f  a run, the charge was recovered, the amount recovered agreeing within 0.01% 
with the amount charged. 
The observed data were analyzed graphically on pressure-volume, pressure- 
temperature, and compressibility diagrams. Very good consistency was observed 
with the higher temperature dota from literature. The data were correlated analyt- 
ical ly with the Martin equation of state. This equation represents a l l  the data 
with an average deviation of 0.25%. 
A unique bellows design with a 14-fold volume variation was developed. 
Carbon tetrafluoride (sometimes referred to as tetrafluoro- 
methane or Freon 14) belongs to a group of chloro-fluoro 
compounds that have found considerable use as refrigerants. 
To facilitate the design of equipment using carbon tetra- 
fluoride, thermodynamic properties such as entropy, en- 
thalpy, and specific volume are needed at various tempera- 
tures and pressures. The.se properties may be evaluated 
from experimental determinations such as vapor pressure, 
liquid density, pressure-volume-temperature (P-V-T) be- 
havior, and specific heat. Vapor pressure, liquid density, 
heat capacity, and P-V-T properties above the ice point 
have already been reported in literature (I to 6 ) .  One of the 
purposes of the present program was to  observe the P-V-T 
behavior of carbon tetrafluoride in the low-temperature 
region extending to  about 50"R. below the critical tempera- 
ture (409.48'R.) with some overlap of the literature data. 
This  would permit, in conjunction with the literature data, 
to determine an equation of state for carbon tetrafluoride 
over a wide range of pressure, temperature, and specific , 
volume. 
A further objective of the work was to make the P-V-T 
measurements via a unique bellows-type variable-volume 
technique without using a confining liquid. The variable- 
volume design makes it possible to cover a range of specific 
volumes with a single charge, resulting in an efficient oper- 
ating procedure. 




A literature survey of references related to the (P-V-T) 
behavior of carbon tetrafluoride has shown that the only 
P-V-T data are reported by Douslin et al. ( 3 , 4 )  and by Mac- 
Cormack and Schneider (5,6). 
Council of Canada, have obtained compressibility up to 50 
atm. in the temperature range of 0" to 400°C. (491.67"to 
1211.67"R.). Douslin et al. ( 3 , 4 ) ,  at the U.S. Bureau of 
Mines, have reported complete P-V-T data in the region 
0" to 350°C. (491.67" to 1121.67"R.) and 15 to 394 atm. 
They have been correlated by a Benedict-Webb-Rubin equa- 
tion with an average deviation of about 0.555% and a maxi- 
mum deviation of 3.17%. 
Other investigators have made measurements on other 
properties of carbon tetrafluoride. Chari (1) has reported 
vapor pressure, liquid density, and the critical properties. 
Martin and Hwang (2) have reported the constant-volume 
heat capacity. 
Equipment and Methods of P-V-T Measurements 
behavior of fluids shows two basic types of equipment 
used: constant-volume equipment or variable-volume 
constant-temperature equipment. 
The constant-volume cell usually consists of a fixed- 
volume vessel in which the (P-V-T) behavior i s  determined 
MacCormack and Schneider (5,6), of the National Research 
A review of literature for equipment for observing P-V-T 
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by measuring pressures for different temperatures to which 
the constant-volume vessel i s  exposed (7). In order to 
cover a range of specific volumes, different masses of the 
compound are charged to the constant-volume vessel, and 
this results in gross inefficiency. 
A variable-volume equipment requires only a single 
charge of material to cover a wide range of specific vol- 
umes. Numerous investigators, dating back to Amagat's 
work of 1893 ( 8 ) ,  have used variable-volume cells to mea- 
sure the P-V-T properties of fluids. Beattie (9) has mea- 
sured the P-V-T behavior of gaseous mixtures using a steel 
bomb whose volume can be varied by injection of mercury. 
Several other investigators (10 to 21) have used very sim- 
ilar techniques. Some investigators (5,6,22 to 24) have 
used a technique attributed to Burnett (22) of evaluating 
behavior of state of a compound which only involves very 
accurate measurement of the pressure and temperature of 
the gas. Bridgeman (25,26) has proposed two other types 
of variablevolume equipment: piston and bellows. Several 
investigators have utilized these systems primarily for 
liquid compressibility measurements (27,28). For such 
applications, the expansion (of the bellows or the piston 
travel) need not be very large (for example, 2 to 1 volume 
change would be satisfactory). However, literature reports 
no successful applications of such systems to P-V-T mea- 
surements involving the gaseous s ta te  (where zero leakage 
and large volume changes are  prime requirements). 
EXPERIMENTAL WORK 
Equipment 
A scheme of the experimental system is  shown in Figure 1. 
Details of the P-V-T cel l  are shown in Figure 2. The bellows, 
containing the gas under study, are enclosed in a thick-walled 
cylindrical shell made of s ta inless  s teel .  
PRESSURE MEASUREMNT SYSTEM 
< \ 
I 0-2ooo 0-500 
Details of the bellows are shown in Figure 3. It i s  made of 
316 s ta inless  s teel  and i s  capable of expanding from a solid 
height of 1.26 to about 8.50 in. The minimum volume i s  about 
3.4 cu. in. and maximum volume is about 47 cu. in., a volume 
change of approximately 14-fold. It should be pointed out that 
because of the stringent volume expansion and materials require- 
ments the bellows had to be specifically designed (of particular- 
shaped concentric rings welded a t  the inner and outer diameters) 
in consultation with engineers from Belfab Corporation, which 
also made the final construction. 
The expansion and contraction of the bellows is achieved by 
release or forcing of the hydraulic fluid (propanol in this c a s e )  
into the space between the bellows and the cylindrical shell via 
the leak-proof hydraulic system pump. The low-pressure end of 
the pump is  connected to a fluid reservoir and a level-measurement 
glass  gauge, 60 in. high. The level observed i s  related to the 
volume occupied by the gas in the bellows. This indication, 
after suitable calibration, is  used for volume measurement. 
pressure transducer leading to a s e t  (0 to  100, 0 to 500, 0 to 
2,000 lb./sq. in.) of very sensitive Heise pressure gauges cal- 
ibrated by a Ruska dead-weight gauge tester. The diaphragm 
transducer is  of the differential pressure type which indicates 
pressure imbalance on the two s ides  of the diaphragm.', On one 
side of the diaphragm is the pressure of the compound in the 
bellows, and this pressure is  balanced by pressure applied on the 
other side from a cylinder of nitrogen. When the diaphragm gauge 
indicator shows equalized pressure on both s ides ,  then the pres- 
sure of the nitrogen side i s  measured by the s e t  of accurate Heise 
gauges; three such gauges are used covering three pressure 
ranges. These pressure gauges are calibrated in place periodi- 
cally by means of a Ruska dead-weight gauge tester. The tem- 
perature of the bath was measured very accurately with a platinum 
resistance thermometer in circuit with a Leeds and Northrup 
potentiometer and a lampand-scale galvanometer. 
The evacuation and charging system includes a Cenco vacuum 
pump and a vacuum gauge, together with the large cylinder con- 
taining the compound to be charged and a smaller cylinder whose 
weight can  be accurately determined. The compound is loaded 
into the smaller cylinder (called charge cylinder in Figure 1) prior 
to charging into the P-V-T cell.  Weight measurements of this 
charge cylinder before and after charging (or recovery) indicate 
amount of compound charged (or recovered). 
The pressure measuring system consis ts  of a Pace  diaphragm 




L l W l D  NITROGEN HYDRAULIC SYSTEM 
COOLING SYSTEM TEMPER. BATH 
Fig. 1. System for measuring P-V-T behavior. 
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The P-V-T cel l  was immersed in a bath filled with normal 
propanol which could maintain a constant temperature while pres- 
sure and volume readings were observed along a n  isotherm. 
Experimental Precision 
This section summarizes the estimated errors that might be in- 
volved in the measurements and calibrations. Details of this, a s  
r 2 " ~ D ' A ' > ~ ' O l A .  CHARGING HOLE 
' 6 2 .  
Fig.  2. Detoi ls  of the P-V-T cel l .  
BELLOWS: 
316 STAINLESS STEEL 
70 CONVOLUTIONS 
0.006" THICKNESS 
well a s  other aspects  of this  paper, have been reported in a 
University of Michigan dissertation (30).  
Pressure testing of the P-V-T cell,  a t  pressures ranging from 
100 to 1,500 lb./sq. in. gauge, up to 24 hr. has shown absolutely 
no pressure drop. Furthermore, the very close check between the 
amount recovered and the amount charged (i0.005 g.) indicates 
that the P-V-T cel l  has essentially zero leakage. 
The Freon-14 charged was specially prepared by the duPont 
Company for making P-V-T measurements. The compound con- 
tains less  than 0.004% CClF, as impurity. 
been critically reviewed, a i d  the following are the maximum 
errors expected: 
Errors in pressure, volume, and temperature measurement have 
1. Pressure: k 1  lb./sq. in. above 500 lb./sq. in. 
k0.26 lb./sq. in. between 100 to 500 lb./sq. 
i0.06 lb./sq. in. below 100 lb./sq. in. 
+1.3 % a t  the smallest bellows volume 
i0.24 % a t  the largest bellows volume 
in. 
2. Volume: 
3. Temperature: i0.084'F. 
RESULTS 
The laboratory data for carbon tetrafluoride, converted to 
pressure, specific volume, and temperature are reported in 
the first three columns of Table 1. These have been ana- 
lyzed graphically as well as algebraically. These analyses 
have been made in conjunction with the literature reported 
data of Douslin et al. ( 3 , 4 )  and of MacCormack and 
Schneider (5,6). 
Graphical Analysis 
The data have been graphically analyzed by construction 
of a pressure-volume plot, a pressuretemperature plot, and 
a compressibility chart. 
The pressure-volume diagram i s  shown in Figure 4; the 
saturation curve i s  from reference 1. Within the limits of 
accuracy of the original diagram of Figure 4 (estimated to 
be k0.3%), the data of this paper show very good agreement 
with the data of the literature in the regions of overlap. The 
diagram further illustrates the inflection properties of the 
isotherms, especially near the critical point. 
The pressuretemperature diagram i s  shown in Figure 5. 
This  illustrates the linearity of the isometrics near the 
- DATA EXTRAPOLATED TO VAPOR 
-77 +--  - * 
0 01 02 03 W 0 06 07 OB 09 10 11 12 I3 14 I5 16 17 18 19 x )  21 22 23 24 25 
SPECIFIC VOLUME CUBIC F T l L B  
F ig .  3. Deta i ls  of the bellows. F ig .  4. Pressure-volume diagrom for corbon tetrafluoride. 
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TABLE 1 .  COMPARISON F THE MARTIN EQUATION O F  STATE WITH DATA OF THIS PAPER 








Reduced properties P e x p  - P c a l c  x 100 









































































































0.329 0.9201 0.449 0.752 
0.387 0.4807 0.728 





*Calculated from Chari 's vapor pressure equation ( 1 )  since these points are  in the two-phase 
region. 
critical and at  the extreme ends, a s  well a s  the downward 
curvature of the isometrics a t  the intermediate densities. 
The isometrics have been extended graphically to the vapor 
pressure curve, and the points of intersection are noted 
with the dark dots in Figure 5. 
To check the generalized trends, the data have been 
plotted on a compressibility chart as shown in Figure 6. 
No disagreement is noticed between this  compressibility 
plot and what has been observed from study of many other 
compounds. 
In addition to  showing the proper generalized trends, 
Figures 4, 5 ,  and 6 also show good agreement between the 
data of this paper with those from the literature ( 3  to 6 )  in 
all regions of overlap. 
Algebraic Analysis 
Following the graphical analysis of the data, the next 
step was to analyze the data algebraically with an equation 
of state. llany equations of state have been proposed in 
literature. Probably the most exhaustive study on this 
subject of equations of state was recently reported by 
Martin (29). A logical interpretation of the various charac- 
teristics of P-V-T data has led Martin to  the following form 
of the equation:" 
RT A, I B,T + C2e-kT A, + B,T + C 3 e - k T  
p - - - 1  I 
u - b  ( u  - b)' ( u  - bY 
A, I B,T c C4e-kT 
( u  - b)' 
A, I B,T i C6e-kT 
A, t B,T t C4e-kT 
( u  - b P  + T 
e a v ( 1  t ceav) 
$33 400 500 600 700 800 900 loo0 1100 IMO lJ00 
TEMPERATURE F 
'This  equation will be cal led the Mdr t ln  equation of s ta te  in  
Flg.  5. Pressure-temperature diagram for carbon tetrafluorlde. this  paper. 
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This equation has built into its form and derivation all the 
observed properties of the P-V-T behavior. The constants, 
A,, B,, etc., . . . C,, are assigned values dependent on the 
data of the particular compound under study. 
equation of s ta te ,  exclusive of k ,  a ,  b,  c ,  which must be 
There are 15 constants in the temperature function of the 
TABLE 2. FINAL INPUT PARAMETERS FOR THE MARTIN 
EQUATION OF STATE FOR CARBON TETRAFLUORIDE 
1. T, = 409.48'R., pc = 543.16 lb./sq.in.abs., 
u c  = - = 0.02560163 cu.ft./lb. 
39.06 
2. At T,, p = 1,080 Ib./sq.in.abs., v = 0.0145607 cu.ft./lb. 
3. (dz/dp,)pp+ 0 = -0.34 
T,= 1 
4. (dp/dV)pc,Tc = 0 
5. (d2p/dv2)pc, T, = 0 
6. a = 725.0, b = 0.00000, c = 5 x lo-' 
7. T' = (0.800) T, 
8. T ,  = 935OR. 
9. k = 4.2/Tc 
1 10. (dZp/dTZ) = 0 at = o.55 u c  (dp/dT) = 36.55 
11. (dZp/dTZ) tic = 0 
( d ~ / d T ) , ~  = 9.60 
12. (dp/dT),,SVc = 1.061 (R/v,) 
T-'K 
13. Cr(T,) = 0.0142 
14. Cr(T') = 0.050 
15. Selected point 
Tsat = 399.53OR. 
P,,t = 459.30 lb./sq.in.abs. 
v = 0.01616 cu. ft./lb. 
evaluated. Therefore, 15 input parameters (shown in 
Table 2) have been utilized in the evaluation of these 
constants. The method of arriving at the numerical values 
of these parameters for carbon tetrafluoride is  similar to 
that described by Martin (29). The final selected values of 
these parameters are given in Table 2. 
The la tes t  paper by Martin (29) fully describes the logic 
behind the equation of state and the constants. The form 
of the equation given i s  capable of accurate representation 
of P-V-T behavior at densities as high as 2.5 times the 
critical. The method of solution for the constants, A,, B,, 
C,, etc., has been fully covered by Martin (29). The final 
forms of the constants derived for carbon tetrafluoride are 
shown in Table 3. It i s  believed that these constants give 
the best possible fit of the equation to  the experimental 
data (that is, low deviations and least possible trends for 
data of this report as well as those from literature). Tables 
1, 4, and 5 show the comparison of the experimental data 
of this paper as well as from literature with the calculated 
TABLE 3. CONSTANTS FOR THE MARTIN EQUATION O F  STATE 
FOR CARBON TETRAFLUORIDE 
R T  A, t B,T t C,e-kT A, t B,T t C,e-kT 
+ p =  ___ + 
(v - b )  (v - b)' (v  - b) ,  
A, t B,T t c4e-kT 
+ + 
(v  - b), 
A, t B,T t C,ewkT 
A, t B,T t C,e-kT 
(v  - b) ,  
+ eav(1; ceav) 
B, = 2.4545836 x lo-, 
where A, = - 2.2937960 
C, = - 1.8125736 x 10" 
A, = 1.2063702 x lo-* 
B,  = 1.7195172 x lo-, 
C, = 1.2232951 x lo-' 
A, = - 3.0017046 x loA 
6, = 1.9662646 x lo-' 
A, = 1.0070856 x 10-, 
B,  = 2.0376194 x 
C, = -2.7942103 x lo-, 
A, = 3.2856989 x 10, 
B, = 3.4565907 x lW7 
B, = 1.9199674 x lo4 
C, = 1.4483858 x lo9 
R = 0.12193362 
a = 725.0 
b = 0.00 
= 5 . o ~  10-~ 
k = + 4.2/Tc 
T ,  = 409.48OR. 
P, lb./sq.in.abs. 
T, OR. 
V, cu. ft./lb. 
TABLE 4. COMPARISON OF EQUATION WITH DATA O F  DOUSLIN* 
% deviation 
Pexp - Pcatc Reduced properties Specific 
Temp., volume, Pressure x 100 
OR. cu. ft./lb. observed Pexp Tr PP 2 
491.67 0.242678 227.49 - 0.028 1.2007 0.419 0.921 
0.121339 419.70 -0.064 0.773 0.849 
0.072804 631.54 - 0.041 1.163 0.767 
0.052003 805.40 0.032 1.483 0.699 
0.036402 1024.37 0.068 1.886 0.622 
0.028001 1233.04 -0.242 2.270 0.576 
0.020223 1713.19 - 0.531 3.154 0.578 
0.016546 2505.39 0.324 4.613 0.692 
0.014561 3689.12 0.254 6.791 0.896 
*Sample data only shown in this table. Complete comparison is given in reference 30 
and has a lso been placed with the ADI. (See footnote on p. 688.) 
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TABLE 5.  COMPARISON O F  EQUATION WITH CORRELATION O F  MACCORMACK AND SCHNEIDER 
% deviation 
P e x p  - Pcalc  Reduced pro pert ie s Specific 
Temp., volume, Pressure,  lb./sq. in. x 100 





















































































*A few selected points obtained from correlation of MacCormack and Schneider (5.6). 
values from the equation of state.* .Also shown in Tables 
1, 4, and 5 are the reduced properties Pr and T r ,  together 
with the 2 values for each data point. 
CONCLUSIONS 
of the (P-V-T) behavior of gases and liquids which does 
not use any liquid medium in contact with the compound 
under observation. The equipment consists of a bellows, 
in which the g a s  i s  confined, enclosed in a cylinder con- 
taining a fluid at the same pressure as the gas. 
served over a temperature range of 376O to 532 Ro, a pres- 
sure range of 100 to 1,500 lb./sq. in. abs., and a specific 
volume range of 0.184 to 0.0152 cu .  W l b .  (about 1.66 
times the critical density). The data have been correlated 
by the Martin equation of s ta te ,  as shown in Table 3. This 
equation represents the observed data of this paper with an 
average deviation of 0.411% (average deviation i s  0.236% 
for the literature data of Douslin et al. (3 ,4)) .  
as well as consistent with data from literature can be ob- 
served using the equipment of the study. The P-V-T cell is  
unique in that it utilizes stainless steel bellows with a 
14: 1 volume variation and with no liquid medium in contact 
with the compound under investigation. 
N O T A T I O N  
A,-A, = constants in the Vartin equation of state 
B,-B, = constants in the Martin equation of state 
Cr (T) = reduced third virial coefficient defined as 
12,-C, = constants in the Martin equation of state 
A variablevolume cell has been designed for observation 
The P-V-T behavior of carbon tetrafluoride has been ob- 
’ 
It i s  concluded that data which are internally consistent 
a = constant in the Martin equation of state 
b = constant in the Martin equation of state 
f ,  (T) p 2 / R 2 T 3  
c = constant in the hlartin equation of state 
k = curvature constant in the Martin equation of state 
p = pressure, lb./sq. in. abs. 
Pr = reduced pressure, p /pc  
pc = critical pressure, lb./sq. in. abs. 
psat = pressure along the vapor pressure curve, lb./sq. in. 
abs. 
R = gas constant 
T = temperature, OR. 
*Table 4 shows comparison with the data of Douslin et al. 
( 3 . 4 )  for one temperature only; the complete cornparison may be 
found in the original dissertation ( 3 0 ) .  Table 4 has a l so  been 
deposited as  document No. 01384 with the ASIS National Auxiliary 
Publications Service, c/o CCM Information Sciences, Inc. 909 
Third Ave., N e w  York 10022 and may be obtained for $2.00 for 
microfiche or $5.00 for photocopies. 
T r  = reduced temperature, T I T c  
T ,  = critical temperature, O R .  
T’ = temperature at which B (T’)pe/RT’ = z c  - 1 
Te = Boyle temperature (at which B ( T B ) ~ ~ / R T B  = 0) 
Temperature along the saturation curve, OR. T s a t  
v = specific volume, cu.R./lb. 
z = compressibility factor, pv/RT 
ve = critical’ specific volume, cu.ft./lb. 
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